The submitted contribution focuses on the clarification of a laser beam cutting technology especially from the point of view of created surface topography. It provides a new view on a deformation process caused by laser beam action and on possibilities of using the surface topography. The measurement and characterisation of surface topography was performed in depth traces using a contact profilometer Surftest SJ 401 and by and an optical-contact profilometer Talysurf CLI 2000 (measured from the top edge of the sample). Thanks to this procedure, it was possible to observe and to measure a development of the numerical values of the surface (profile) roughness parameter Ra. Based on the measurement of the surface topography, there were analyzed and interpreted data with a purpose to theoretically describe surface topography and to develop an analytical solution for the profile topographical function. By using the profile topographical function, it is possible to solve the practical problems the most engineers and users face in laser beam cutting technology (LBC) process, as well as to maximize LBC manufacturing system performance and to determine the values of the process parameters that will reach the desired product quality.
INTRODUCTION
HE LASER CUTTING TECHNOLOGY is still described as a non-traditional machining method. In non-traditional machining processes a material is removed as a result of very complicated physical, electrochemical and mechanical phenomena. In LBC (laser beam cutting) the material is removed as a result of thermal processes. The laser beam is emitted by a laser focused on a very small surface of the machined material, which causes the power density of the laser beam to be very high (108 -1014 W·cm -2 ). Properties of the surface layer generated in the LBC process depend mainly on the power of the laser beam and power density on the machined surface. Currently, the LBC technology is still subject of concentrated research, as it is evident by a number of various publications. Many of experimental studies were designed to understand the factors affecting the performance of the cutting process [1] , [2] , [3] . The laser cutting technology and the accompanying phenomena occurring in the process of laser beam cutting or laser beam welding have been and still are the subject of many research activities with a view to optimizing technology parameters influencing cut or weld quality [4] , [5] , [6] , [7] . The quality does not depend only on the choice of a suitable laser source for cutting a specific material, but considerable attention should be paid above all to process parameters. The optimum choice of process technology factors based on theoretical assumptions is connected with achieving a high-quality product and process [7] , [8] , [9] . The majority of theoretical studies are oriented to the presentation of authors' own results but without deep analyses. On the basis of analysis of available sources in the area of laser cutting, it can be critically stated that small attention is paid to the topographic function in the case of laser cutting and that any model of this function has not been systematically and comprehensively dealt with and published yet. All over the world, this issue is considered to be theoretically unsolved, without theoretical results applied in practice and without a possibility of exact approach to the design and proposal for the optimum parameters of material laser cutting [7] , [8] , [9] . These authors confirm that the mechanism of laser cutting as a mechanically flexible tool with thermal effects and many other factors participating in the mechanism of material disintegration is, from the point of view of analytical approximation, elaboration and description, very problematic. The knowledge of the topographic function is of high importance to other analyses and prediction of condition of surface topography at a change in technology regime as well as at the feedback control of final surface roughness [4] , [5] , [6] , [10] .
The analytical knowledge of regularities of the zonal distribution of values of geometric and stress-deformation parameters is a precondition for developing the prediction equations that are, in consequence, of importance not only to the choice of a suitable technology but also to the automation of machining process. The insufficient level of existing knowledge in the field of laser cutting can be formulated into the following parameters:
• insufficient respecting the physics-mechanical parameters of materials, including the absence of their uniform mathematical formulation, • insufficient respecting the physics-mechanical parameters, and stress and deformation integrity of the T 10.2478/v10048-012-0030-9 system: technology parameters-tool-material-surface topography, • insufficient utilizing the regularities of distribution and zonality of geometric parameters of cut wall surface produced by the laser beam, • inconsistency in the interpretation of results achieved, • absence of a theoretical prediction of limits of depths achievable in various materials.
It is very important to get a deep knowledge of the laser cutting process in relation to theory and industrial practice. During the thermal machining of materials, complicated dynamic phenomena appear. It is necessary to consider them also in the theory of machining in connection with the properties of this technology system: machine -workpiecetool, with relations between these properties and regularities of formation of new surfaces, and the related topographic function and generated deformation [11] .
THEORETICAL BACKGROUND
The basic difference between the existing approach to the theoretical explanation of topographic function and the proposed way consists in the fact that the majority of research works regard the material as being constant in the course of machining. But the reality is that the physicomechanical properties of the material being machined change in the cutting process. During the cutting process, original physico-mechanical properties are influenced by generated stress and deformation and the temperature itself. In contrast to the hitherto approach, we choose our own path and put emphasis on the mechanical and stress-deformation parameters of the material being cut and on the mechanical equilibrium of the system: material properties-tool properties-deformation properties. The chosen procedure is then a solution to an implicit equation
, where h is the depth of cut, Re is the yield strength, W las is the laser power, IND vpw is the ratio (index) between traverse speed and laser power, Y ret is the retardation of the cut trace, δ is the deviation angle of trace, v p is the traverse speed, p is the gas pressure, d is the nozzle diameter, (+/-) f the focal length, dT/dt is the rate of temperature change in a time interval, dT/dh is the rate of temperature change in the depth interval and T melt is the melting point. The quality of machining is characterised by the degree of precision of shape, dimensions and condition of surface layer after machining and related surface roughness [10] . It is thus advisable to direct attention to the topographic function, which will deepen the knowledge and the concept of basic research when investigating derived questions, such as material machinability or machining process rationalization. Researches as a result of which a uniform method of material machinability assessment, based on the physical principles of cutting process, would be developed are still topical. The aim of performed experiments in the interpretation and analysis of results is to determine a joint connection between the setting of input parameters of the laser cutting process and the final topography of machined surface of the sample. On the basis of results of surface topography measurement, the cutting process can be optimized to make the production process controlling surface topography quality more efficient.
EXPERIMENTS
In order to identify surface roughness, samples of 150 × 150 mm size of different thicknesses were cut and different types of material were used. The cutting process was carried out using the optimum machine settings, i.e. the settings proposed by a control system after entering the parameters of the material being cut. For the realization of experiments a cutting machine from Prima Industry -ZAPHIRO / CV5000 (Fig.1) , i.e. a 2D laser cutting system was used. The selected laser source was a CO 2 laser with a wavelength of 10.6 μm. Parameters for cutting the used materials are given in Table1 and mechanical parameters of the used materials are given in Table 2 , 3, 4. The machined surfaces were subsequently measured using a contactless profilometer 2D Surftest SJ 401 and an opticalcontact profilometer Talysurf CLI 2000 (Fig.2) . This system used for active measuring the surface roughness and form should have a low sensitivity to vibration, dustiness and other factors that impede measurement [12] . A solution to the topographic function is based on the physical-material principle and mathematical and mechanical aspects of the analysis of stress and deformation of the material being cut. Study of literature, experiments and finally analytical deduction of conclusions are required separately for each specific condition of the technology process. From this point of view, it is needed to identify a whole set of technical, technological and material factors that enter into the cutting process. In the modern mathematical physics literature the standard way to reason about the measurement of a classical physical quantity or more generally about any empirical measurand (e.g., mass, electric charge, potential energy, pressure, stress, viscosity, temperature, humidity, utility, fitness, and so on) is in terms of a real-valued function that can in principle be measured or evaluated by a physically possible measuring instrument [13] . 
ANALYSIS AND INTERPRETATION
The mechanism of cutting by means of a laser beam as a mechanically flexible cutting tool with thermal effects and many other factors entering into the mechanism of material disintegration is very problematic [1] , [2] , [3] . Thanks to experimentally performed measurements a development of numerical values of the surface (profile) roughness parameter Ra could be observed and measured. Based on these measurements, data were analysed and interpreted for the purpose of theoretical description of surface topography. The principle of the subject matter of our solution consists in the selection of a depth h x [mm] on the check cut wall with well visible traces after the cutting tool, where local roughness Ra x [μm] and retardation of the cut trace from the normal plane Y retx [mm] are measured (Fig.4) . In our analysis we proceed with an assumption that on real surfaces we can find a neutral plane h 0 , where tension stresses and compression stresses will be equalized. Depending on the type of material, the neutral plane position varies. This plane varies also according to the method of disintegration in various technologies with flexible cutting tools. Whether it is a cold disintegration tool as AWJ (hydroabrasive water jet), or tools with a thermal thermodynamic influence as laser, plasma or oxygen. The common attributes are the total deformation capacity of the surface and the core of material. This is evident from the topographical parameters on newly generated surfaces, where is exactly measurable. There is shown a logical zonality in the distribution of topographical elements. Therefore, we can identify similar pattern of deformation at different depth levels, which are reflected in the final surface topography. We have determined a parameter K cutL [μm] as a new technology-length parameter that increases with the plasticity and deformation capacity of the cut material, and that is determined from three deformation parameters according to 
From the equation of equilibrium (2) we shall explicitly express and calculate main deformation parameters of the surface, namely Ra, Y ret , δ in relation to depth h, and represent their behaviour in relation to depth of cut (Ra, Y ret , δ) = f (h). The main deformation parameters (Fig.5) are expressed by the following relations (3), (4), (5) and (6). 
In equations (3), (4), (5) a parameter V dj represents a unit volume of deformation expressed by (7)
where Ra j , h j , Y retj are unit parameters. Similarly, equations (8), (9), (10), (11) The graphic dependence δ = f (h) shows the limit depth of cut h lim for a specific material and the decomposition of cut trace after achieving the limit angle of deviation δ = 90° within a depth interval Δh = h lim(teor) -h max (studied hypothetically by authors, e.g. [14] , [15] , [16] , [17] , [18] ). The theoretical limit depth is determined by an equation (12) in accordance with theory and statistics of results achieved in practice
For the derivation of a basic form of the topographic function for the plane of trace we can define functional relations of stress and deformation quantities to instantaneous cut surface deformation [10] . Thus we shall obtain equations for the decomposition of the concerned quantities to the tension and compression and neutral components, including summarised values. For cumulative stress an equation (13), which contains decomposition components of stress for compression σ rz and the decomposition component of stress for tension σ ret, is valid:
For particular components, relations (14) to (18) hold true.
To the total trace roughness a relation (19) applies. 
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We also derived a more realistic approximation for the calculation of actual surface roughness Ra with the use of an auxiliary function which depends on flow stress in the radial direction by equation (20) The main elements of cut wall surface deformation, i.e.
surface deformation K pl = Ra ⋅ h as a function of deformation stress in the cut trace can be quantitatively defined by regression relations. Because also the other main surface deformation parameters are functionally interconnected, it will also generally hold true that (Ra x , δ x , Y retx , h x ,) = f (σ rz , σ sum, E rz , E sum ) in the compression zone, and, reciprocally, also for these quantities in the tension zone. The compression and tension branches intersect at the nodes A, B, C in the neutral plane of yield points h 0 or in the node E in the plane of elastic limits h el (Fig.6) . Similarity in the behaviour of these functions is evidence of occurrence of deformation owing to a balance between the tension and compression components of stress. The geometric shape of the curve of trend in development of roughness values represents a below derived curve of and equation for the topographic function in the radial direction Ra σsum = (h).
The described working hypothesis and the conclusions enabled us to develop empirically a basic equation for the topographic function Ra Tb = f (h, σ rz , σ ret , σ sum , Re) in a form (21). The course of this function is shown in Fig.6 . The basic equation for topographic function (22)
is extended to include the influence of technological parameters of laser cutting. The basic equation for the topographic function in the neutral plane is described by the equation (23). The equations are drafted to include the direct influence of technology parameters v p , W las , d, p, f, z and thus to be able to be used, just as for the determination of optimized values of these process parameters, also for the online control of them. 6 . Behaviour of stress deformation components in modular, stress and deformation zones due to external loading for material steel grade X5CrNi18-10; graph is plotted in semilog coordinates. 
RESULTS AND DISCUSSION
Results of the proposed topographic function were confronted with [19] , where laser cutting process optimization was dealt with. As optimization criterion, minimum surface roughness according to the designed model in the following form (25) there was chosen, This approach is based on regression analysis in contrast to the stated analytical-empirical approach in the submitted study. It does not contain mechanical parameters of the material, and that is why it cannot be generalized. In Fig.8 there is a comparison of the results of topographic function Ra T according to our proposal and those of topographic function Ra H according to [19] at inserting the same technology parameters used really in cutting steel of type EN S355J0 for the theoretical depth h = 60 mm.
By putting h = h 0 = 15.99 mm for the given material we shall obtain the value of Ra H0 = 26.7 mm and the value of Ra T0 = 29.84 mm for comparison; the functions intersect at three depth levels and Ra T = Ra H . In Fig.9 to 13, the comparison of values measured using instruments Mitutoyo Surftest SJ401 (Ra L1 ) and Talysurf 2001 (Ra L2 ) and the analytical-empirically determined topographic function according to (20) is presented. As can be seen from the presented profiles, there is visible diversity in the roughness distribution for one material obtained at different traverse speeds and at different focal lengths. In general and with physical reasoning, the topographic function is increasing with increasing depth when choosing a positive focal length, and vice versa for negative focal length. In the course of derivation, the inclusion of main technology variables into the equations had to be respected. By modification of basic forms of equations for Ra T and Ra T0 we then can calculate functional relations between topography and technology, and thanks to these analyses we can optimize and control the process. From equation (22) 
Then, the optimized technology constant is given by (27) ( 
and an indicative ratio needed for an engineering technologist is given by (28)
If we compare the calculated values with individually selected parameters in Table 1 and put these values into the given equations, we shall obtain K techopt of 3.21 and K tech from 3.44 to 4.32 for different speeds. Hence, the increase in surface layer load in the cut (up 34.6%) is associated with re-melting the material and decreasing the limit depth of cut. There is a significant difference in performance, productivity and economy of operation. Based on the optimized speed compared to individually chosen one, the difference in performance and economic parameters is almost four-time higher. Distribution of roughness Ra T in Fig. 14 is calculated by substituting the optimized parameters into the equation (22) and by changing the focus length from f = -4.5 to 0 f = + 3.5 at a constant standoff distance z of 1 mm. Theoretically, the smoothest surface has been reached at the given standoff distance z and focal length f of -1. 
CONCLUSION
The aim of the contribution was a proposal for assessing the quality of cut in the case of laser beam cutting technology. The analysis of the problem, verification of concept of solving, selection of experimental procedures and choice of experimental methods, measurements themselves were carried out. On the basis of analysis and interpretation of acquired surface data, a topographic function, which is a basis for the prediction of quality and control of the laser cutting technology was derived in an original way. In the framework of interpretation of measured values, relations between geometric and technology parameters are systematically analysed and physico-mechanical and distribution principles followed by them are formulated. The comprehensive topographic function for roughness in the radial direction is determined according to (22) . The equations are drafted to include the direct influence of technology parameters v p , W las , d, p, f ,z and thus to be able to be used, just as for the determination of optimized values of these process parameters, also for the online control of them. Physical equations are in general applicable for all materials. The proposed method of calculation is treated as a separate algorithm for practical use. The whole calculation can be performed as functions in MATLAB and EXCEL. It also presents a possibility to predict real measured values of roughness in materials that exceed cutting depth of the used samples; it is done for a further theoretical development at this area. The graphs come out from the derived physical equations and it is needed to solve them separately for every single material. The basic derived physical equations apply to all technical materials in general. In this paper, we present a practical example of control of technological parameters for titanium. Furthermore, the solution enables the prediction of process functions of technological process for any material including technological parameters and an interactive modelling of technological process.
